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PREFACE

This report is the result of the "TYCHO" Study Group Summer
Study Session held at Dartmouth College, Hanover, New Hampshire,
during the period June 20 to July 21, 1967.

The report is organized into a basic section and appendices
containing a series of scientific papers written by individual
"TYCHO" Study Group Members as research contributions. The basic
section contains recommendations, partially supported by the
appendices, concerning NASA's proposed planetary explorations
program.

The 1967 "TYCHO" Summer Study Session investigations were
confined to matters relating to atmospheric and surface conditions
of the planets Venus and Mars of importance to propoéed manned or
unmanned landings. The investigations consisted of a comprehen-
sive analysis of published data and presentations by the best
available experts in the field.
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REPORT
OF
1967 "TYCHO" SUMMER STUDY SESSION
June/July 1867
SUMMARY AND RECOMMENDATIONS

During July, 1967, the "TYCHO" Study Group met at Dartmouth
College to examine various aspects of the NASA program for
planetary exploration. Considerations of the group indicated
that in the near future greatest scientific interest would be
associated with unravelling the nature of the atmosphere of
Venus and the details of the surface of Mars. The major impetus
for planetary exploration stems in large measure from the
opportunities to shed light on the origin of the solar system
and the origin of life. These two questions were considered by
the National Academy of Science and discussed in the Woods Hole
Report. In response to this report, NASA proposed the planetary
exploration program shown in Fig. 1. This program amply responds
to all of the issues raised. Recognizing the completeness of
both the report and the outlined program, the present study group
raised the question, "What should result if delays arise as a
result of either fiscal or technical problems?" In response to
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Figure 1 Evolution and Development of Planetary Missions.
Following the Voyager missions to Mars, starting in 1973, will be
the Voyager missions to Venus, starting in 1977. In the 1980's,
Voyagers will be used to explore the outer planets. It is important
to note that, during the period in which the large Voyager system is
first used for Mars, there is a continuing need for Mariner-class
spacecraft for precursor missions to Venus and to the outer planets.
Within the restrictions of launch opportunities and the lead times
. needed to develop and test spacecraft, the sequence of missions
shown remains highly flexible. Scientific and technical information
gained from previous flights feed into subsequent missions. (From
"Summary of the Voyager Program," NASA unnumbered publication,
January 1967.)
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this question, the following recommendations are made:

Recommendation 1.-Following the successful Mariner fly-by
mission (1969) and the Mariner atmospheric probe mission (1971)
the 1873 opposition of Mars should be used (as planned) for an
orbiting-landing vehicle (Voyager). In the event that the
Voyager 1973 spacecraft will not be available, an additional
Mariner spacecraft of the 1969 type should be used in an
orbiting mode. This mission should be designed to supply
multiple occultation experiments, high resolution optical sur-
face mapping with a TV camera system, and an infrared mapping
of the surface. The data obtained could provide information
on the seasonal and diurnal fluctuations and give a better
understanding of the atmospheric effects than would be possible
with a second atmospheric probe. Furthermore, the multiple
passes would allow the radio occultation experiment to provide
some information on the contour of the terrain.

Recommendation 2.-Recognizing the great uncertainty associated

with the density and composition of the atmosphere of Venus,
the next mission (1972) to Venus should be (as is planned) an
atmospheric probe. In the event of delays or shortages in the
Mariner program, the Mariner spacecraft/atmospheric probe
scheduled for Mars in 1971 should be rescheduled for the 1972
Venus opposition.

Recommendation 3.-Recognizing that the contributions from
ground-based astronomy and in particular radar astronomy have
been of significant importance to the space program (e.g.,
the definition of the astronomical unit, orbit elements of
the planets, rotation rates of Venus and Mercury, terrain
elevation of Mars, and mean surface slopes of the planets),
NASA should take positive steps to ensure the continuation of

those radar activities now being carried on as peripheral .

activities at installations supported by the Department of
Defense and other agencies.




The recommendation concerning an orbiting spacecraft about the
planet Mars reflects the view that the 1964, 1968, and 1971
Mariners will give enough information required for successful
landing on the surface. However, in order to put a lander to best
use, detailed information concerning the character of the surface
will be needed. The 1973 orbiting spacecraft with a TV camera
system would yield this information and allow examination of many
possible landing sites. Additional studies of seasonal fluctuations
of the dark and light areas would also be possible. (For detailed
recommendations concerning the Mars' probe, see Appendix B.)

The principal question related to Venus is the constitution
and pressure of the lower atmosphere and its interaction with the
surface. The current (1967) Venus fly-by can be expected to yield
some information concerning the atmospheric density. However,
until the composition of- the clouds and the surface pressure is
determined our knowledge of conditions there will remain extremely
incomplete, and it will be impossible to make models for the
physics and chemistry of this planet. For this reason the 1972
mission to-Venus should include an atmospheric probe. In light
of the success of the 1964 Mariner IV occultation results and the
fortunate coincidence that nearly the entire atmosphere can be
attributed to one component (COZ)’ the need for an atmospheric
probe of Mars is not pressing. Thus, it may even be desirable to
reschedule the 1971 Mars/Mariner spacecraft probe to 1972 Venus.
(For details concerning the Venus atmospheric probe, see
Appendix G.)

Various particular questions are considered in Appendices
A through J.



DISCUSSION

The impetus for planetary exploration stems in large measure
from the opportunities this program offers to shed light on the
origin of the solar system and the origin of life. In the pro-
cess of answering these questions a necessary first step is
determination of the physical environment. At the present time,
two most important scientific questions are the possible presence
of surface or subsurface water on Mars and the gross features of

the composition and the pressure of the atmosphere of Venus.

Mars

In recent years the study of Mars by optical and infrared
spectroscopy, radar reflectivity, and the Mariner IV space probe
has added much to the knowledge of observational astronomy, but
little to a detailed understanding of the geology of the surface
or interior. Factors now considered well determined are the
atmospheric pressure, gross composition of the atmosphere, and
the surface temperature. (See Appendix F). Of those Martian
features apparent even to the early optical observers--dark and
light areas, polar caps and dust storms to say nothing of the
fabled canals--virtually no information has been added within the
last decade. The Mariner IV mission radio occultation experiments
successfully determined the number density of the atmospheric
particles as a function of altitude. The same Mariner IV pictures,
however, added an additional unresolved question. This result is
the occurrence of large craters with an absence of sharp features.
The implied erosion seems too effective to have been caused by
winds alone.

The question of the presence of water on Mars is of great
interest because it has an important bearing upon the problem of
extra-terrestrial biology and because it is closely related to our

understanding of the degree and mechanism of erosion on that planet.
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The range of pressures and of surface temperatures on Mars
straddles the triple point of water: 6.11 mb and 273°K, and thus,
in principle, one could expect to encounter ice, liquid water and
water vapor in amounts varying with altitude, lattitude, time

of day and year. While there is evidence for water vapor in the
atmosphere there is no comparable information about ice or liquid
water. Polar caps are probably solid CO2 but permafrost or ice
may exist at preferred locations under a rather shallow coverage
of soil. Intergranular moisture and a thin liquid top layer of
permafrost could provide a suitable millieu for bacterial life.

" The dark areas on Mars are known to be warmer than the bright
areas and if the recent radar studies are correct in indicating
that these areas are topographic depressions rather than high
plateaus, then it is natural to assume that they have more sub-
surface liquid water or ice than the rest of the planet. This
difference may account not only for their higher radar reflectivity,
but also for the darker color either following the biological
hypothesis or according to some of the inorganic models. It is
recommended that radar reflectivity and surface temperature of
the dark areas be measured as a function of diurnal and seasonal
variations of insolation. Such observations could be best made

from a Martian orbiter but ground-based studies could also be
important.

The present knowledge concerning Mars allows a reasonable
coherent picture to be constructed of the pressure temperature
composition of the atmosphere. This model has been used to pre-
dict global wind patterns. The next series of questions concerning

the Mars planet are related to the properties and character of the
surface:

1) What mechanism is responsible for the erosion?
2) What is the origin of the season of color changes?



3) What is the nature of the polar cap?
4) What is the relative terrain of the dark and light areas?

The above questions will not be answered until samples of the
surface are available along with detailed studies of the topology.
The implication of this statement is that a landing on the surface
of Mars with a modest automated laboratory will ultimately be
necessary. This laboratory should be self contained, able to
maintain observations during seasonal changes and have the
possibility for executing a simple chemical analysis as well as
monitoring the local weather. The present ignorance of the sur-
face terrain features suggests that prior to landing it will be
necessary to obtain relatively high definition optical photo-~
graphs of a certain fraction of the surface. The fraction of the
surface subjected to such examination should include areas subject
to seasonal changes. It is because of the selection of a suitable
landing site for the automated laboratory that the lander probe
of an orbiting mission was recommended in the previous section.

Venus

The planet Venus presents a more interesting challenge to the
scientific community of 1967 than does Mars. This difference
arises not from the amount of knowledge concerning Venus but rather
the lack of it. Optical observations of Venus reveal only a
generally mottled disk usually interpreted as clouds. The origin
and composition of the clouds--a topic of much debate--has not yet
been resolved. Present spectrographic information has indeed
revealed the presence of CO, and HZO' These observations and the
infrared and radar temperatures have been used to imply the
presence of ice crystals or water vapor as the dominant mechanism
producing clouds. However, alternate approaches involving high
surface pressure and perpetual dust storms can be offered to present

a consistent picture of the observed data. The conclusion from



these observations is that evidence obtained through spectroscopy,
radar reflection, radio emission, or infrared temperatures will
not yield a satisfactory model for the planetary atmosphere or its
surface until the composition of the atmosphere is available. For
this reason it is essential to program an early Venus fly-by
equipped with an atmospheric probe which will determine the

composition of the clouds and identify a composition profile of
the atmosphere.

The near equality of the radii, masses and uncompressed
density of the Earth and Venus suggests that the composition and
internal evolution of these two planets should be similar. The
atmosphere of Venus is apparently quite different than that of the
Earth even when the effects of geological activity of Earth are
taken into account. Although still an unsettled problem the amount
of H,0 in the atmosphere of Venus is apparently a great deal less
than exists on the Earth. If the atmospheres of the Earth and
Venus are secondary, i.e. due to outgassing of the interior, we
would expect the amount of water outgassed from Venus to be simi-
lar to the amount of water outgassed from the Earth if the
primitive compositions of the planets were the same.

The lack of water on Venus, if verified, could be due to:

1) Less water available in the primordial accreting material
from which Venuc accreted as HZO or as water of hydration in
silicates. This i§ a possibility since Venus presumably
accreted nearer the Sun than the Earth and the primitive
particles were, therefore, slightly hotter.

2) Less hydrogen available in Venus (relative to carbon) for
reduction purposes.

3) More effective removal of H2O from the atmosphere of

Venus by photodissociation and loss of hydrogen.

If the latter possibility is important, then the lack of
water in the atmosphere of Venus becomes less cosmologically



important. One can ask, what would happen to the Earth's
atmosphere if the Earth:

1) Were moved to the orbit of Venus

2) Had its axis of rotation less tilted to its plane or
revolution, thereby decreasing seasonal effects

3) Had its period of rotation increased to 243 days

4) Had its magnetic field removed

Would the cloud cover increase, the surface temperature rise
to 600°K, and would coldtrapping effects be less effective in
retaining water? These are essentially the observed differences
between the Earth and Venus, and it is important to decide whether
these differences are meteorological rather than cosmological.

Some of these questions can be tackled by methods of
theoretical meteorology, but a Venus atmosphere probe would tell
us immediately the composition of the Venusian atmosphere and would
allow us to compute the rate of escape of these components or their
dissociation products.

This is just one aspect of the problem of the origin and
evolution of the solar system. The differences in composition of
the Earth, Venus, Mars, Moon, Mercury, and the meteorites must be
explained in any theory of the solar system, and it is important
thét differences which arise during evolution of the planets, such
as the possibility of increased Hy,0 loss from Venus, be separated
from primordial differences in the composition of the protoplanetary
clouds.
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ON THE RADIO OCCULTATION METHOD
FOR STUDYING PLANETARY ATMOSPHERES

ABSTRACT

The problem of determining the refractivity profile of a
planetary atmosphere from optical or radio occultation data is
identical in principle to the problem of determining the varia-
tion of seismic velocities in the earth from the travel times of
seismic body waves observed at the surface of the earth. In
either case a complete set of data can be inverted uniquely, the

only constraints being those fundamental to geometric optics.

Expressions are given for converting radar doppler data to
the index of refraction as a function of depth in the atmosphere,
and for the effects of geometric spreading and absorption on the
amplitude of the signal.
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ON THE RADIO OCCULTATION METHOD FOR
STUDYING PLANETARY ATMOSPHERES
D. L. Anderson and R. A. Phinney

July, 1967
INTRODUCTION

The purpose of this note is to point out a direct method of
transforming radar doppler data from an occultation experiment
directly into a profile of refractive index versus radius.

Fjeldbo and Eshleman (1965) discuss in some detail the types of
information contained in the phase and amplitude of a radio signal

occulted by a planet. Their method of determining the refractive
index profile is approximate but it should give good results
without iteration for a planet with a thin atmosphere. They
applied their technique to the interpretation of the Mariner IV
occultation experiment on Mars. Kliore, et al. (1966), Kliore,
et al. (1965%a), Cain, et al. (1965), Kliore, et al. (1965b),
Fjeldbb, et al., (1965), Fjeldbo, et al. (1l966a, 1966b). Tor a

thick atmosphere where strong bending of the rays is expected, a

more general method of interpretation is desirable. Such a
method, due to Herglotz, Wiechert, and others, has been well

developed in the seismological literature.

The Herglotz-Wiechert method is used to determine velocity-
depth profiles in the earth from the observed variation of travel
time with arc distance between source and seismometer. We give
here a brief derivation in a form appropriate to the radio occul-
tation experiment and a discussion of its applicability. For
further discussion of such effects as focusing and defocusing,

shadow formation, etc., we recommend Bullen's (1963) text.

The geometry of the occultation experiment is summarized in
Fig. 1. The coordinates are referred to the center of mass of
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Figure 1 Geometry of the Occultation Experiment



the planet. The refractive index, n, is a function of r in a
shell R <r< vy where r, is an arbitrary level lying effectively
above all the mass of the atmosphere, and R is the radius of the
solid planet. The ray path is straight-line outside the atmos-
phere. It is assumed that the trajectories of the spacecraft and
the earth are known with respect to the center of mass of the
planet. The indicated spacecraft trajectory is the projection

of the actual trajectory in the plane defined by the centers of
mass of the spacecraft, earth, and planet. If the properties of
the atmosphere depend only on r, then only components of velocity

in the plane of the figure contribute to the observed Doppler
shift.

This research was performed as part of the 1967 "TYCHO"
Summer Study at Dartmouth College under NASA Contract No.
NSR-24-005-047 with the University of Minnesota. The authors
are indebted to G. Fjeldbo for his discussion of the problem
with the "TYCHO" group.

REDUCTION OF THE DATA

The observed Doppler shift is corrected for the relative
motion of the earth-based receiver and the planetary center of
mass. The residual Doppler shift is then converted into a total
phase by

o(t) = 2mtAf(t) (L)

where the zero of time is taken shortly prior to occultation. In
the ray-optical description of the experiment, one can set up a
family of constant phase surfaces and orthogonal rays. The
selection of a time zero provides a unique value to the phase
function as a function of the spatial coordinates. The space-
craft trajectory provides a sampling of the phase along an arc.
This information determines the angle of emission of the ray from
the spacecraft and, eventually, the refractive index profile.
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The eiconal equation for the phase is

2.2

(ve)? = Y (2)
Q

Assuming the spacecraft is above the atmosphere

|ve| = w/c (3)

From the Doppler data, the directional derivative %g is
determined along the spacecraft trajectory. The angle between the
ray and the trajectory then follows:

c 09

cos (a+®) = g—g— ‘V@I = nF s (%)

where f may without error be taken as constant during the
occultation. Since ¢ is known, a follows immediately.

The ray is now projected to a reference sphere rye The
angle of incidence on this surface is:

sin i = r_ sin a/rg (5)
(the subscript s refers to spacecraft coordinates). Solution of
the trianges in Fig. 1 gives the entry point angle
sin a [,

sin (QO—QS) = cos a-r, COS lo] (6)

o]
and the angle subtended by the portion of the ray in the
atmosphere:

Q = ﬁ—lo—ﬂo (7)

The rays to earth are sufficiently parallel that we can take

. .
1 = 1 .
o o]

Instead of Doppler as a function of spacecraft position, we
now have the angle of incidence at the top of the atmosphere as
a function of 0. We now transform to a relation between refrac-
tive index and radius, using the method described by Herglotz
(1907), Bateman (1910), and Wiechert and Geiger (1910).
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TRANSFORMATION TO A REFRACTIVE INDEX PROFILE

A ray parameter, p, is defined
p = nr sin i (8)

which is constant along a ray, by Snell's law, and serves as a
label of the ray. In the absence of an atmosphere p would be the
radius of closest approach, and may be called the impact para-
meter of the ray. We have immediately:

=z p s8in i_ =
P o

(9
° r'pnp )

where the subscript p refers to the turning point of the ray.
As an auxiliary variable, define n, which varies along a ray,

taking the value Ty at r = v, and the value p at r = rp:
n = nr = p/sin i (10)

Integrating along the ray gives the total arc subtended:

r r
C (0]

o(p) = 2] (p/2) (n%-p?) "2 gp = 2j (/o) (n2-pH 2 )
r P

P
dr
an "
The path length in the atmosphere is
r
° 2 _2.-1/2
s = 2‘j rn (n°-p7) dr (12)
P
Now set
2 2
y = n'-r (13)
W = pl-r 2
—P o



Then

o
0(p) = 2P.j (y—w)—l/2 Q_%g_g dy (14)
W
This integral equation for 1ln r(y) is in the form of the Abel

integral equation and may be solved by reference to the Abel
transform pair

W
£(w) = K j‘g'(y)(y-w)—l/z dy (15)
[¢]
y
gy = (xmL | £Cw) Cu-y) "2 aw
(o]
By inspection:
y
In [r(y)/rgd = ¢ [ o) 2p0) Hw-p 72 aw 16)
(o]
or
n
In [r(mi/rd = 2 [ 2%y,
m - ("-n")
o]

The right hand side is solved by the substitution p = n cosh g
and integration by parts:

n

1 -1 do
j cosh™ “(p/n) T dp (17)

ln[r/ro] z

2|

[@ cosh”™ (p/n)]

Bl 3
I
ENi

r
o o

The first term on the right hand side vanishes and exponentials
can be taken:



n
1 -
e = roexp (-3 | com™ (p/m) £ ap} e
r,O
do

The integral is always positive; r, > n and ) is normally
negative. It is possible to make %5 positive over certain
ranges of p due to sharp gradients in n (n < 1), but the integral

must always be positive.

The refractive index profile r(n) follows from Eq. (18) and
from the definition of n, Eq. (10).

DISCUSSION

Some of the hazards in applying Eq. (18) are discussed in
Jeffreys (1959) and Bullen (1963). Being due to the nature of
the optical problem rather than the method of analysis, these
considerations are equally applicable whatever method is used
to derive the refractive index profile. In summary:

1) 4 ©/dp may be positive for a limited range of p (Fig. 2).
The function p(0) is then multivalued for certain ranges, due to
multipath propagation. The spacecraft must be able to distinguish
all multiple rays in order for an interpretation to be correct.

2) In a neutral atmosphere, the increase of refractive index
with depth causes the rays to be curved downward. In order that a
ray emerge from the atmosphere by a direct refraction path the
radius of curvature of the ray must exceed that of the tangent

sphere. Since the downward curvature of a ray is given by

_ d Inn
p=-2210 (19)
this condition is
dn n 1
"3 T =71 (20)



Figure 2

(a)

(b)
(c)

(d)

R o

Schematic ©(p) Curves for Different Atmospheres.

No atmosphere: 0=2cos ™t (%—); P > R.
o
Strongly refracting neutral atmosphere

Weakly refracting ionosphere and weakly
refracting atmosphere

Strongly refracting ionosphere and strongly
refracting atmosphere

»
p

(a) and (c) end occultation; (b) and (d) end asympototically
at an optical shadow.



In the lower atmosphere of a planet like Venus Eq. (20) may not
be satisfied, and rays with p below a critical value can emerge
from the atmosphere only by reflection from the solid surface.

The essence of this, or any quivalent inversion method is that the
turning points (rb) of the rays considered must range continuously
through the atmosphere. Since this is true only from r, down to
the critical level, Eq. (18) cannot be applied to the atmosphere
below the critical level. In seismology, refractive index
decreases at great depth result in the eventual emergence of the
downward refracted rays, but this is extremely unlikely in
atmospheric studies.

A slightly different condition defines when a ray having the

accessible range of p, 0 < p < r, can have a turning point at
depth r:

nr<or (21)

If a screening region of low index (ionosphere) lies above the

neutral atmosphere, Eq. 21 is replaced by the more stringent
condition.

nr < n* p% (22)

where ®* refers to the ionospheric level of maximum nr.
For an ionosphere with the scale determined for Mars by Mariner IV,
about 6 x 108 electrons/cm3 would be required. Consequently,
Eq. 22 is unlikely to apply in a real case.

The intensity variation of the refracted signal due to
focusing and defocusing can be stated in the notation of this
paper. Neglecting diffraction effects at caustics,

I(exit) _ __sin y d e/dp -1
I(entry) sin(O+y)

(tan i, - tan o) sin o , tan W_l
r, cos (17 r, sin 1,
(23)



where ¢ = 2, - as' If r, is nearly equal to r_, the expression
in braces is small and positive; I(exit) will be very large
(focusing) if %% =0+ {}=0.
focusing will occur if %% = tan io' In the study of atmospheres,
i

o is always near 7/2 and that condition will not be satisfied
(Fig. 2).

If r, v, a-> 0, v » io’ and

Rays which are refracted downward at nearly the curvature

of the planet have large %% and are severely defocused.
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VARIATIONS IN THE RADAR CROSS SECTION OF VENUS

ABSTRACT

Variations in the radar cross section of Venus have been
reported by a number of observers. At decimeter wavelengths
these are of the order of + 50% of the mean and have been
attributed to variations in the nature of the terrain occupying
the subradar point. At 3.8 cm the cross section is most
frequently observed to be v .012% of the projected area of the disk,
but values three times larger have been reported. The suggestion
has been made that these increases result from changes in the
amount of attenuation caused by the atmosphere of Venus. This
would imply large scale variations in the distribution of the
microwave absorbing agent and would have serious consequences

for many of the atmospheric models that have been proposed.

This paper reviews the evidence for variations in the cross
section and provides revised values of the cross section at
3.8 cm. The mean value for the cross section observed in 1966
is now placed at .017. A closer examination of one instance in
which the cross section at 3.8 cm was seen to increase reveals
that this event was associated with the passage of a large
feature through the region of the subradar point. This suggests
that the variations observed at this wavelength, like those at
longer wavelengths are associated with the nature of the terrain
at the subradar point and are not the result of weather-like

phenomena on Venus.
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VARIATIONS IN THE RADAR CROSS SECTION OF VENUS
J. V. Evans
Lincoln Laboratory+
Massachusetts Institute of Technology

INTRODUCTION

In a companion paper we have reviewed the results of radar
studies of the planets Venus and Mars. In that paper we
discussed the variability in the radar cross section of Mars,
but did not report on similar variations observed for Venus. 1In
this report we review the evidence for variations in the cross
section of Venus, and present hitherto unpublished data which
throws light on the behavior at 3.8 cm wavelength.

We are indebted to the staff of the Haystack Microwave
Facility who were responsible for making the 3.8 cm measurements,
to Dr. G. H. Pettengill for helpful advise and discussions, and
to Dr. I. I. Shapiro and his colleagues for furnishing a
tabulation of the longitude and latitude of the subradar point
on Venus as a function of date. This work was performed during
the course of the "TYCHO" Study Group meeting at Dartmouth College,
Hanover, New Hampshire, June-July, 1967.

METERWAVE AND DECIMETER OBSERVATIONS

Measurements at the radar cross section of Venus have been
made at meter wavelengths by James and Ingalls (1964) and
Klemperer et al. (1964) at the wavelengths listed in Table 1.
Both groups found that the mean cross section was a little under
0.2 of the projected area of the disk, but that values as large

as 0.6 were occasionally observed,

+Supported by the U. S. Air Force



TABLE 1

CROSS SECTION OBSERVATIONS OF VENUS

Observer , Wavelength Period

James and Ingalls (1964) 7.84 m, 11/6/62 ~ 12/7/62
Klemperer et al. (1964) 6.00 m. -11/28/62 - 12/7/62
Pettengill et al. (1967) 70.00 cm. 2/22/64 - 9/20/64
Evans et al. (1965) 23.00 cm. 3/5/64 - 8/26/64
Goldstein (1964) 12.60 cm. 9/7/62 - 12/15/62
Carpenter (1966) 12.60 5/10/64 - 7/18/64
Evans et al. (1966) 3.80 1/18/66 - 6/27/66

In the case of the A = 7.84 m measurements plane polarized
signals were transmitted and received, and hence some of the
observed variability must have been caused by Faraday rotation

in the earth's ionosphere. An additional fading mechanism can

be anticipated; namely, the constructive and destructive
interference of signals reflected from different portions of

the surface of Venus. Klemperer et al. (1964) show that the

echo amplitudes have a Rayleigh distribution as would be expected
due to this effect. Similar fading is encountered for the moon
as its aspect changes with respect to a terrestrial observer,

and has been studied extensively (Evans 1965). In the case of
Venus near inferior conjunction the fading period would be of

the order of > 20 sec at A = 6 m so that in a five-minute
observing period there would be 15 or less independent echo
samples. Hence, much of the variability observed by James and
Ingalls (1964) can be attributed simply' to the small number of
independent signal samples obtained per run. Long period
variability in the cross section may also have been present in their

result, but is probably masked by these short period fluctuations.



Measurements of the cross section at decimeter wavelengths
have been reported by Pettengill et al, (1967), Evans et al.
(1965), Goldstein (1964), and Carpenter (1966) for the time
periods and wavelengths listed in Table 1. At these wavelengths
the fading period is reduced to the order of one second so that
the statistical sample obtained during a single 5-minute
observation period is considerably improved. In addition, all
these observers employed antennas which could follow Venus, and
thus were able to make repeated observations during the course
of the day. In these measurements, therefore, the principal
sources of uncertainty in the cross section were those introduced

by poor signal-to-noise ratio and the calibration of the radar
equipment.

Goldstein (1964) obtained a mean value for the radar cross
section of ,095 ﬂrz (where r is the radius of Venus) with
departures from the mean as large as + 50%, which he attributed
to variability in the scattering behavior of the planet.
Carpenter (1966) reported a mean value of .11h ﬂr2 at the same
wavelength, and found variations in this of the order of + 20%.
No explanation for the difference between this result and
Goldstein's has been offered.

Evans et al. (1965) and Pettengill et al. (1967) found some-
what larger variations at A = 23 and 70 cm respectively. Since
the mean of the values published by Evans et al. 1is about 0.13
ﬂrz, and the mean of the values obtained by Pettengill et al.
(1967) is .14 ﬂrz, we have compared the two sets of data in a
single plot (Fig. 1) showing cross section vs date. Much of the
variation shown in Fig. 1 must be introduced by the errors of
measurement. These would be least in June and July (i.e. around
inferior conjunction) and become progressively larger away from this
time. Despite this the occasional values that are either half or
twice the mean probably represent real changes in the cross
section.
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The data shown in Fig. 1 span a time interval longer than the
axial rotation period of Venus with respect to the earth (v 5
months). Thus some longitudes were viewed more than once. The
variation in the latitude of the subradar point during the entire
period shown in Fig. 1 was within the range -3.6 to + 5.8°
(assuming a pole position § = 66°, a = 2709). Since, however,
50% of the echo power is returned in the first 300 y sec from
the leading edge (Evans et al. 1965) corresponding to a region
of £ 7° about the subradar point, to a first approximation we may
ignore the variation of latitude with time and simply plot the cross
section versus longitude. This is done in Fig. 2 employing a
coordinate system proposed by I. I. Shapiro and colleagues. In
this system, the prime meridian is defined as being the central
meridian at 0.0h U. T. January 1, 1961. The pole position
adopted is that given above, and a rotation period of -243.2 days
has been assumed. Since the region from which the radar return
chiefly arises is of the order of 15° in longitude, it is
evident that much of the fine structure in this figure is

spurious.

Anomalous scattering regions on the surface of Venus have
been detected by a number of workers, and their location studied
extensively by Carpenter (1966). We have attempted to see if
there is any correlation between the major changes in cross
section shown in Fig. 2 with the passage of such features through
the subradar region. This is somewhat complicated by the difference
in the coordinate systems employed by Shaprio and Carpenter.
Very crudely Carpenter's longitudes will be obtained by sub~
tracting 240° from those shown in Fig. 2. However, this
transformation is not exact since Carpenter (1966) employed a
pole position of (8 = 68°, o = 255°) and a rotation period of
250 days.

One suggested identification is that the dip in cross section

at 162° longitude is associated with the passage of the feature

C-5
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B of Carpenter's list through the subradar region. A second dip
occurs when the feature G would lie on the central meridan, but
if Carpenter's value for the latitude of G is correct, then it
seems that this feature would lie outside the central region

that chiefly governs the echo strength. The peak at 320°
(labeled H) in Fig. 2 occurs at the same longitude as an increase
at 3.8 cm wavelength was observed (next section).

In sum, Venus rotates with respect to the Earth such that the
longitude of the subradar point changes at a rate of between
3° per day (at superior conjunction) and ~1° per day (near
inferior conjunction). Some 50% of the echo power is returned
from a region at the subradar point extending some 15° in
longitude. Thus, we might expect significant changes in the cross
section to occur on a time scale of the order of 5 days or
longer. The accuracy and the sampling afforded by the published
data is too poor to permit the construction of a reliable cross
section versus longitude map. However, there is nothing in the
data to suggest that what real variation does exist is not
simply a conseguence of changes in the roughness and/or reflect-

ivity of the subradar region.

Week to week changes of the roughness have been reported by
Evans et al. (1965) and increases in roughness would be expected
to lower the observed cross section. Thus major dips are
consistent with the view that a large rough area has moved to
occupy the subradar region. The converse probably does not
hold. The average scattering properties of Venus are sufficiently
near specular that it would not be possible to make a major
increase in the cross section by placing a completely smooth
region at the subradar point. This follows because the back-
scattering gain g of a sphere with a gently undulating surface
is 1 + a2 where a is the rms surface slope. For most regions

on Venus a v 0.1 and thus the gain is indistinguishable from that



of a perfect sphere. It follows that increases in cross section
must result from increases in the reflection coefficient at the

subradar point (or of the roughness of a large area surrounding
this region).

CENTIMETER WAVE OBSERVATIONS

Whereas the cross section reported for meter and decimeter
observations lies in the range 0.1-0.2 ﬁrz, Karp et al. (1964)
reported a cross section at 3.6 cm of 0.01 mr’. This was subsequently
confirmed by Evans et al. (1966) who were able to show that, at
least in part, this low value is caused by attenuation in the
atmosphere of Venus. Observations at this wavelength thus hold
special interest in that they may provide information concerning
the nature of the atmosphere and possible day-to-day changes.

Figure 3 shows the cross section measurements reported by
Evans et al. (1966). These values are also listed in Table 2.
Near close approach (i.e.,up to day 50) the accuracy of
measurement was limited by uncertainty in the performance of the
radar (e.g.,the antenna gain, transmitter power, etc), together
with the amount of atmospheric attentuation introduced by the
earth's atmosphere. Subsequently, the signal-to-noise ratio
deteriorated, and the uncertainty in the determination of the
echo power increased as reflected by the error bars in Fig. 3.
In what follows we discuss these three principle sources of error
in order to determine whether the two large cross section
increases observed (Fig. 3) may be attributed to errors of

measurement.
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TABLE 2

C. W. CROSS SECTION MEASUREMENTS OF VENUS AT 3.8 cm
(Evans et al. 1966)

Echo Power Flight Time Cross Section Cross Section

Date No. (dbw) (sec) db below mr> (% ﬂrz)
Jan. 18 18 -181.41 274.85 -18.41" l.44
Feb. 1 32 -182.65 275.89 -19.59 1.10
Feb. 9 40 -183.48 300.54 -18.73 1.34
Feb. 15 U446 -185.78 308.77 -19.56 1.11
Mar. 21 80 -194.50 557.45 ~-19.12 1.22
Mar. 30 89 -194.,32 626.59 -16.81 2,08
Apr. 15 105 -197.22 752.89 -15.34 2.92
May 5 125 -202.70 909.02 -18.75 1.33
May 17 137 -202.33 1000.36 ~-16.40 2.29
May 28 148 -203.66 1082.40 -14.,84 3.28
June 15 166 -207.08 1208.53 ~18.07 1.56
June 27 178 -208.72 1285.56 -18.88 1.29

Radar Calibration Errors

Evans et al. (1966) estimated that the overall accuracy of
the calibration of the radar is probably not better than % 2 db.
Thus, the absolute values reported may be in error by as much as
+ 50%. However, the operatibn of the equipment was monitored
sufficiently well that variations in performance larger than
+ 0.5 db would not have escaped notice. Thus the relative
accuracy of the measurements should not be worse than * 10%. It
follows that instrumental effects can be excluded as the prime
cause of the variability shown in Fig. 3.



Signal-to-Noise Ratio Errors

The spectrum of the signals (in the preseﬁce of noise) was
determined by digital spectrum analysis of the output of a 500
c/s wide channel (i.e., wider than the signal bandwidth). The
output of the same channel was also analyzed when the signal was
absent, and this "noise only" spectfum subtracted from the
"signal-plus-noise." To remove gain differences between the two
runs, the two spectra were normalized before subtraction to have
the same mean value in two frequency intervals located on either
side of the band occupied by the echo. This operation introduces
the largest uncertainty in the determination of the echo
intensity. If the combined bandwidth of the two windows is b c/s,
and the duration of a run is t seconds, there will be a baseline
uncertainty after subtraction of AT where

AT = T V275t K (1)
where T is the system noise temperature (°K). If n runs are

averaged, this becomes

AT & T_ v270bt ok (2)

If the mean echo temperature over the frequency band occupied by
the signal is T %K, then the uncertainty in the echo power is
simply AT/T%*. Table 3 lists values of T, T » b, nt, AT, and AT/T.
It can be seen that the accuracy declined with time, although
improvements in Tn and b were made which served to reduce AT. On
June 15 and 27 the comparison bands were widened to the point
where they occupied portions of the echo spectrum. Thus, the echo
contributions from the 1limb region were not included in the
computation of T, and the cross section values for these two days
reported in Table 2 should be increased by about 10% to allow for
this effect.

*The uncertainty introduced by the stochastic nature of the signal
itself has here been neglected.
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TABLE 3

SIGNAL-TO-NOISE UNCERTAINTY
IN THE 3.8 cm CROSS SECTION MEASUREMENTS

(Evans et al. 1966)

Date T T b nt AT AT/T
(°x) (°K) (c/s) (sec) (%K) (%)
Jan. 18 400.0 156 107.4 3510 0.36 0.09
Feb., 1 325.6 173 107.4 2700 0.u47 0.1l
Feb. 9 213.5 185 179.7 4200 0.30 0.14
Feb. 15 105.2 237 179.7 2400 0.51 0.u48
Mar. 21 8.89 209.7 93.7 3240 0.54 6.0
Mar. 30 9.28 119.2 93.7 5670 U.16 2,1
Apr. 15 4,51 123.1 93.7 5250 0.25 5.5
May 6 1.28 121.6 93.7 5400 0.24 18.9
May 17 1.39 127.4 93.7 8000 0.21 14.9
May 28 1.02 197.5 93.7 7560 0.33  32.4
June 15 1.23 126.5 250 7248 0.14 10.8
June 27 0.83 114.0 250 6425 0.09 11.0

Table 3 shows that the uncertainty in the signal-to-noise
ratio cannot have contributed to the day-to-day variability to a
greater extent than variations in system performance. These two
sources combined would be expected to introduce an rms fluctuation
of the order of 45% at most. This is far less than the fluctuation
observed (Fig. 3).



CORRECTIONS FOR TERRESTRIAL ABSORPTION AND POINTING ERROR

Two corrections were applied to the values of echo power
(Table 2) in order to obtain the values for the cross section
given. The first of these took account of the fact that the true
and apparent positions of Venus differed. That is, the direction
to which the antenna should be pointed to place the greatest
amount of transmitter power on the surface is not precisely the
same as that for receiving the largest echo signal owing to the
motion of Venus. In the early measurements the antenna was
maintained pointing in the apparent position, and although the
apparent motion of Venus was greatest at this time, the flight
time was sufficiently short that the pointing error so introduced
was negligible. Later, by pointing at the apparent position the
effective gain in the "transmit" interval was reduced. An
estimate of this reduction was made from the antenna beam pattern
and the angular separation between the true and apparent positions.
The largest correction that was necessary to apply due to this
effect was 0.5 db (Table 4) and the accuracy of this correction
is judged to be better than + 0.2 db.

Atmospheric attenuation occurs in the earth's atmosphere even
in fine weather. The one-way attenuation with the beam in the
zenith is at most 0.1 db and at the zenith distance for which
most of these measurements were made would be < 0.2 db (Evans
et al. 1966). Thus, the two-way loss would be < 0.4 db. This
correction was not applied to the results listed in Table 2.

On some days observations were carried out during rain or heavy
snow and the increased terrestrial atmospheric absorption present
was reflected in higher system noise temperatures Tn' Corrections
for the additional loss on these days were obtained as follows.
The mean of the system temperature values encountered on fine days
Th was obtained and the system temperature observed during bad



weather then used to compute the loss L from

T (1-L) + T_L + Tn =T (3)

sky n

R

where TSky is the radio temperature of the sky background at this
wavelength (taken to be 5°K) and Tp is room temperature (taken to
be 270°K). This is not a very satisfactory procedure and can be
criticized on a number of counts. The proper way to proceed would
be to determine the atmospheric extinction directly by observing

the apparent cross section as a function of zenith distance.

TABLE 4

CORRECTIONS APPLIED TO THE 3.8 cm CROSS SECTION MEASUREMENTS
FOR ATMOSPHERIC ATTENUATION AND POINTING ERROR

(Evans et al. 1966)

Pointing Atmospheric Total
Date Correction Correction Correction
Jan. 18 0 db 0 db 0 db
Feb. 0 db 0 db 0 db
Feb. 9 0 db 0.2 db 0.2 db
Feb. 15 0 db 1.2 db 1.2 db
Mar. 21 0.1 db 0 db 0.1 db
Mar. 30 0.2 db 0 db 0.2 db
Apr. 15 0.2 db 0 db 0.2 db
May 5 0 db 0 db 0 db
May 17 0.45 db 0 db 0.u4b db
May 28 0.5 db 1.3 db 1.8 db
June 15 0 db 0 db 0 db
June 27 0 db 0 db 0 db




An examination of the data has been undertaken in order to
attempt this. Unfortunately, the signal-to-noise ratio of the runs
taken beyond March 30 is too poor to permit one to detect small
changes in cross section from run to run. Prior to this date the
elevation of Venus was low (v30°) and data taking generally
stopped when the elevation fell to 20°. Thus, the range of
zenith distances over which observations were made is small. A
further difficulty is that the system temperature Tn varied with
zenith distance, but was not usually measured at frequent enough
intervals to permit the cross section to be determined accurately
for individual runs. (This follows because the value of Tn
assumed for the baseline determines the overall calibration of
the signal spectrum.) Figure 4 shows an attempt to obtain a
relation between the echo temperature and the zenith distance for
February 9. Two sets of points are shown. The open circles
represent values obtained by assuming a constant value of Tn
(taken to be the mean of all the measured values). The closed
circles (thought to be more accurate) represent values obtained
by taking estimates of T for each run (obtained by reasonable
extrapolation through thg measured values). A similar attempt with
the data of March 30 is presented in Fig. 5. The straight lines
shown in Figs. 4 and 5 have been fitted by eye. That shown in
Fig. 4 implies a two-way zenithal absorption of 0.44 db and
Fig. 5 some 0.56 db. The uncertainty in the value derived for
March 30 is considered far larger than that for February 9 in
view of the wider scatter of the points (Fig. 5).

R. Allen (1867) has examined the variation of the intensity
of a number of radio sources observed with the Haystack antenna
as a function of zenith distance . Each measurement was corrected
for the atmospheric extinction according to a theoretically
obtained dependence.

F = F, exp (-.025 sec x) (%)
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Figure 5 Variation of the eqguivalent echo temperature of
Venus at 3.8 cm with zenith angle on March 30, 1966.
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where F is the observed flux and Fo would be the flux in the
absence of atmospheric attenuation. According to this law the one-
way zenithal abosrption is 0.055 db. When the corrected values

of flux were plotted against x a residual variation was found
which was attributed to variation in the antenna gain. Figure 6
shows the dependence in the observed gain G as a function of the
elevation angle between 20° and 40°. Allen's results imply that
over this elevation range

G = G, exp (-.0256 sec ¥x) (5)

The similar dependence of this expression to that for

atmospheric extinction (Egq. 4) suggests that the latter effect
may have been underestimated.

The antenna gain employed in the radar equation in order to
reduce the observed echo power to a radar cross section was
established from observations at high elevations. Thus these two
expressions should be combined, and allowing for the two-way

nature of both effects we would expect the radar cross section to
vary as

o = o, [exp (-0.101 sec x + 0.051)] (6)

This is close to the law determined empirically (Figs. 4 and §).
Since most of the radar observations of Venus were conducted at a
zenith distance of ~ 60° (sec X = 2) we believe that the values

reported in Table 2 are systematically low by approximately
0.8 db.

Adopting an average value of 0.1l db for the one-way attenuation
we can estimate that the atmosphere contributes some 6.7° to the

system temperature Tn even under fine conditions. This is suf-
ficiently small that the expression employed to derive the
correction for atmospheric extinction (Eq. 3) in wet weather is
probably not seriously in error. In rétrospect, however, it seems

unwise to apply large corrections to the result in view of the
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Figure 6 The variation of the gain of the Haystack antenna with
elevation angle according to radio star observations (Allen, 1967).

C-19



cumulative effect of errors in Tn' If by chance an erroneously
high value of Tn is measured, then a cross section will be derived
which is correspondingly high. This will then be scaled by a factor
to allow for atmospheric attenuation which is also an overestimate.
Accordingly, it seems best to discard the values reported for
February 15 and May 28, and Table 5 presents a revised list of cross
sections in which this has been done. In this table a correction

of 0.8 db has uniformly been applied to the results to allow for

the combined effects of atmospheric extinction and gain degradation.

TABLE 5§

REVISED VALUES FOR THE CROSS SECTION AT 3.8 cm

Uncorrected Atmospheric Corrected
Date Value 2 Correction Value 2 2

(db below mr°) (db) (db below mr°) (% 7r°)
Jan. 18 ~18.41 -0.8 ~17.61 1.74
Feb. 1 ~19.59 ~0.8 ~18.79 1.32
Feb. 9 ~18.73 -0.8 ~17.93 1.61
Mar. 21 ~18.32¢ %) ~0.8 ~17.52 1.77
Mar. 30 ~16.81 -0.8 -16.01 2.51
Apr. 15 ~15.3Y ~0.8 ~14.50 3.50
May 5 ~18.75 -0.8 ~17.95 1.60
May 17 ~16.40 ~0.8 ~15.60 2.75
June 15 ~17.57¢2) -0.8 ~16.77 2.10
June 27 ~18.38¢2) -0.8 ~17.58 1.75

(1) Revised value; allows for 0.8 db estimated additional
waveguide loss on this day.
(2) Revised value; allows for 0.5 db reduction in cross

section due to narrow bandwidth.




Longitude Variation

Table 5 contains three large values (March 30, April 15, and
May 17). The mean of the remainder is 0.017 ﬁrz. Thus the
largest increase is of 0 the order of 100%. Similar increases
have been observed at decimeter wavelengths (Figs. 1 and 2).
Fig. 7 compares some of the values listed in Table 5 with the
cross section observed at 23 and 70 cm (Fig. 2). The data are
too sparse to draw any firm conclusions, but we do notice that
the first increase in the 3.8 cm cross section occurred roughly
at the longitude for which the decimeter cross section appears to
be highest. In conclusion, we believe that cross section
variations of a factor of two do occur at 3.8 cm wavelength, but
it is impossible to decide from the foregoing whether these result
from changes in the absorption by the‘atmosphere of Venus or from

variations in the surface reflectivity.
A MAJOR SURFACE FEATURE ON VENUS

The spectra obtained for Venus near inferior conjunction by
Evans et al. (1966) at 3.8 cm were carefully examined in order to
obtain the mean scattering function. Subsequently the spectra
were not examined in any great detail though Evans et al. (1966)
observed a tendency for them to become assymetrical prior to an

increase in the cross section.

Fig. 8 shows the average echo spectrum observed on March 21
together with the mean curve expected based upon earlier obser-
vations. Difficulties were encountered with the doppler tuning
on this day, and the echo power to the right of the expected
curve was thought to result from instrumental smearing. Figure
9 shows a spectrum obtained for the same day by combining only
runs during which the doppler compensation was known to have been

applied correctly. A large feature can be seen on the approaching
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limb and one on the receding limb. The latter can be identified
with G of Carpenter's list, while the former has here been labeled
H and I at the points of greatest intensity. On March 30 (Fig.10)
the approaching feature had moved to within 10° of the subradar
point and extended westwards to at least 20° in longitude and
possibly further. By April 15 (Fig. 11) the identifiable peaks H
and T lay on the receding limb. Based upon the assumption that
the regions responsible for these reflections lie close to the
equator, we find that they move in the expected manner. The
longitudes obtained for the two peaks are H = 332 % 1°; I = 322

t 1°,

It is possible to compute what contribution these features
make to the total cross section assuming that the area beneath
the broken curve corresponds to the mean value of .Ol7ﬂr2. The
increases are, respectively, 12, 36 and 35% for March 21, 30 and
April 15. The cross sections measured (Table 5) correspond to
increases of 5, 60, and 100% above the mean. In the case of
April 15 the proper position of the expected curve is by no
means obvious, and it i1s possible that it should be lower than
shown, thereby reducing the above discrepancy. Such might be the
case, if (as seems likely) the feature extends a further 20°
westward beyond I. In this event the feature would occupy a
40° region in longitude and be considerably longer even than the

complex region B discovered by Goldstein (1965).

In the case of March 30 the difference in the cross section
derived directly and by comparison with the mean curve is 0.7 db

which is certainly within the experimental accuracy expected.

In sum, it seems that the increase in cross section observed
early in April is associated with the appearance of a large
feature on the disc of Venus. When sufficiently removed from
the region of the subradar point the increase in cross section
is probably attributable to the increased power contributed by

this feature. It follows that we cannot hope for perfect
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correlation between the results of the decimeter and centimeter
measurements compared in Fig. 7. In the pulse-type decimeter
measurements, the amplitude of the echo attributable to the near
surface was taken as a measure of the overall cross section, it

being assumed that the scattering law does not change with time.

It is interesting that the highest cross section thus far
reported at decimeter wavelengths occurred when the peak H lay on
the meridian (Fig. 7). Thus it must be supposed that the region H
has a higher reflectivity than average. Yet we are also required
to make region H rougher than average in order to account for why--
relative to its environs--it gets brighter the further it lies from
the center of the disc (Figs. 9-11). The increase in cross section
observable at 3.8 cm wavelength may result from reflectivity and
roughness variations and/or height variations of the surface
resulting from changes in the atmospheric absorption. Precise
cross section measurements at two wavelengths together with

accurate range measurements should help to resolve this question.
SUMMARY

Variations of the cross section of Venus have been reported by
a number of observers (Table 1). Because of its long rotation
period with respect to the earth (v 5 months) it has been difficult
to construct a reflectivity vs longitude plot for Venus corresponding
to those now available for Mars. Difficulties arise in maintaining
the performance of the radar constant (or at least known) and from
the large variation in the absolute signal strength due to range
changes. Figure 2 represents a first crude attempt at such a
plot and includes data obtained at 23 and 70 cm. Much of the fine
structure in Fig. 2 must be spurious since the region from which
50% of the echo power is returned occupies some 15° in longitude,
and thus there should be good correlation over longitude intervals
of half this amount.
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Variations in the cross section are to be expected depending
upon the roughness of the terrain occupying the subradar region.
Direct observations of roughness changes are available from
scattering law measurements (Evans et al. 1965) and from the
detection of anomalous scattering regions on the surface
(Carpenter, 1966), some of which appear to move through the
subradar point. Increasing the roughness at the subradar point
can readily account for a reduction in the cross section by a
factor of 2. An increase in the cross section must largely be
caused by increased reflectivity.

Measurements at 3.8 cm by Evans et al. (1966) have been re-
examined in this paper. The possible sources of error in these
measurements were discussed and it was concluded that attenuation
in the earth's atmosphere and degradation of the antenna gain with
zenith distance were the most serious of these. As a result, two
of the measurements were discarded and the remainder were revised
upward (Table 5). The revised values exhibit increases above the
mean (0.017 ﬂrz) of the order of 100%. By examining the spectra
of the signals obtained during one such instance, it was found
that the increase appeared to be associated with the passage across
the disk of a large anomalously scattering region, occupying
approximately the longitude interval 320° - 350° + 10°. We are
led to conclude, therefore, that fluctuations in the cross section
at this wavelength are probably related to variations in the nature
of the terrain visible to the radar (e.g., reflectivity, roughness,
and perhaps height), and are not the result of weather-like
phenomena in the atmosphere.

C-29



BIBLIOGRAPHY

Allen, R. J., "Observations of Several Discrete Radio Sources at
3.64 and 1.94 Centimeters," Ph.D. Thesis, MIT, January, 1967.

Carpenter, R. L., "Study of Venus by CW-Radar 1964 Results,"
Astron. J. 71, pp. 142-152 (1966).

Evans, J. V., "Radar Studies of the Moon," J. Res. Nat. Bur. Stds.,
69D, pp. 1637-1659 (1965).

Evans, J. V., R. A, Brockelman, J. C. Henry, G. M. Hyde, L. G. Kraft,
W. A. Reid, and W. W. Smith, "Radio Echo Observations of Venus
and Mercury at 23 cm Wavelength," Astron. J. 70, pp. 486-501,
(1965).

Evans, J. V., R. P. Ingalls, L. P. Rainville, and R. R. Silva,
"Radar Observations of Venus at 3.8 cm Wavelength," Astron.
J. 71, pp. 902-915 (1966).

Goldstein, R. M., "Venus Characteristics by Earth-Based Radar,"
Astron. J. 69, pp. 12-18 (1964).

Goldstein, R. M., "Preliminary Venus Radar Results," J. Res. Nat.
Bur. Stds. 69D, pp. 1623-1625 (1965).

James, J. C. and R. P. Ingalls, "Radar Observations of Venus at
38 Mc/sec," Astron. J. 69, pp. 19-22 (1964).

Karp, D., W. E. Morrow and W. B. Smith, "Radar Observations of
Venus at 3.6 cm," Icarus 3, pp. 473-475 (1964).

Klemperer, W. K., G. R. Ochs and K. L. Bowles, "Radar Echoes
from Venus at 40 Mc/sec!" Astron. J. 69, pp. 22-28 (1964).

Pettengill, G. H., R. B. Dyce and D. B. Campbell, "Radar Measure-
ment at 70 cm at Venus and Mercury," Astron. J. 72, pp. 330-
337 (1967).



TG # 35

, APPENDIX D
(Report of 1967 Summer "TYCHO" Meeting, TG # 31)

RADAR OBSERVATIONS OF
VENUS AND MARS

J. V. Evans

July, 1967

Contract No. NSR-24-005-0u47

Prepared by

UNIVERSITY QOF MINNESOTA
Minneapolis, Minnesota

For

HEADQUARTERS, NATIONAL AERONAUTICS & SPACE ADMINISTRATION
Washington, D C. 205486



RADAR OBSERVATIONS OF VENUS AND MARS
ABSTRACT

Planetary radar observations commenced in 1960 with the suc-
cessful detection of echées from Venus by groups in the U. S.,
U. K., and the U. S. S. R. Since then Venus has been extensively
studied by radar, and similar though less extensive measurements
have been made on Mercury and Mars.

Possibly of greatest utility to the space program are the
revisions obtained by radar to the values for the astronomical
unit, the earth-moon mass ratio, the radii of the planets and the
elements of their orbits. These revisions make it possible to
direct a deep-space probe to within the immediate vicinity of the

planet where earlier optical data would have been grossly in error.

In addition to the improvements to planetary positions radar
has provided new values for the rotation periods of Mercury and
Venus, and estimates of their surface roughness and composition.
In the case of Venus some information concerning the absorption
of radio waves by the atmosphere has also been obtained. For Mars
the reflectivity and surface elevation wvs Martian longitude
have been determined for a region in the Martian tropics. These
quantities show interesting correlation with visual (i.e. dark)

features.
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RADAR OBSERVATIONS OF VENUS AND MARS
J. V. Evans#
Lincoln Laboratory#
Massachusetts Institute of Technology
July 1967

INTRODUCTION

It is the purpose of this paper to review the status of
recent radar observations of the planets Venus and Mars and to
point out some of the logical extensions of these radar inves-
tigations. Further experimental data and its interpretation for
the planet Venus is contained in a companion paper (See Appendix C
Evans, J. V., "Variations in the radar cross section of Venus"
July 1967). The support of the staff of the Haystack Microwave
Facility in the work described here is gratefully acknowledged.
We are also indebted to Dr. Irwin Shapiro of Lincoln Laboratory
whose staff kindly supplied us with the working ephemerides
necessary for the taking of radar data. The work of preparing
this review was performed during the course of the "TYCHO" Study

Group meeting, Dartmouth College, Hanover, New Hampshire, June -
July, 1967.

RADAR CONTRIBUTIONS TO PLANETARY SIZES AND MOTIONS

Size and Distance

Precise radar distance and velocity measurements have been
made by a number of observers (e.g. Evans et al. 1965, 1966a
Pettengill et al. 1962, 1967). These have been reduced in con-
junction with appropriate optical observations of the planets
(by the U. S. Naval Observatory) to yield revisions for the
orbital elements of Earth, Venus and Mercury, the Earth-Moon mass

ratio, the radii of Venus and Mercury and the astronomical unit

&

* Presently Visiting Professor, University of Illinois, Urbana, Ill.
# Operated with support from the U. S. Air Force.



(Ash, Shapiro, and Smith 1967).

The methods of making precise delay and velocity measurements
have been well documented by the above observers, as has the pro-
cedure by which these data have been reduced. Thus, we will
merely summarize the conclusions reached in the form of Tables.
Table 1 presents the most recent value for the astronomical unit
(presented in light seconds) together with values for the radii
of the planets Mercury and Venus.

TABLE 1 (After Ash et al. 1967)

THE ASTRONOMICAL UNIT AND PLANETARY RADII

General Formal Standard
Newtonian Relativity Error
A. U. (light-sec) 499.004785 499.004786 5 x 107°
Mercury Radius 2440.0 2434.0 2.2
(km)
Venus Radius 6055.5 6055.8 1.2
(km)

Two estimates are presented for two hypotheses concerning the nature
of the universe. 1In the first it is assumed that the motion of

the planets proceeds according to the laws of Newtonian gravitation,
and that light propagates always as in flat space, whereas in the
second the consequences of general relativity on both the motion

of the planets and the interaction of the electromagnetic probing
signal with the gravitational field of the sun are assumed to hold.
Table 2 presents the inverse masses of the inner planets and the
earth-moon mass ratio also based upon the combined radar and optical
data as processed by Ash et al (1967). In both tables the formal
standard errors quoted represent the internal consistency of the
results, and undetected systematic errors may exist which are
significantly larger.



TABLE 2 (After Ash et al. 1967)

INVERSE MASSES OF INNER PLANETS AND EARTH-MOON MASS RATIO

i General Formal Standard
Newtonian Relativity Error

Mercury 6029000 6021000 53000
Venus 4084590 408250 120
Earth and Moon 328950 328900 60
Mars 3106700 3111200 9000
Earth-Moon mass

ratio 81.3024 81.3030 0.005

Orbital Elements

Although 15 years of optical data were employed in this study
(Ash et al, 1967) and only a few years of radar data, the latter
serve to improve the initial mean anomaly, and the orbital
eccentricity, and to redetermine the semimajor axis for each planet
with comparable accuracy. These resuls are summarized in Table 3,
where only the '"relativity fit" is given. Since only a few pre-
cise distance determinations of Mars have been made thus far, no
results have been published for radar/optical determinations of
the orbital elements of that planet.

Rotation Rate and Pole Position

The rotation rate of Mars is well known from optical
observations and radar is unlikely to make any significant improve-
ment. In the case of Venus, however, radar provides the only
reliable Earth-based technique for determining the sense and rate
of rotation. For this purpose several different radar techniques
have been employed. Goldstein (1964) and Carpenter (1964)
attempted to recognize the echo power in the frequency spectrum
associated with the planet's limbs and thus obtain directly the
maximum doppler broadening. This so-called "base-bandwidth"
technique led to a value of‘250 + 40 days retrograde, which was
later refined to 250 + 9 days (Goldstein 1965a). A second method

which takes advantage of radar "features" which are seen in the
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doppler broadened power spectra and which correspond to regions on
the surface that reflect anomalously. Because Venus presents
approximately the same face towards Earth at successive inferior
conjunctions, these tend to reappear from conjunction to conjunction.
Employing this "feature method" Carpenter (1966) concluded that the
period lay between 244 and 254 days. Subsequently, Evans et al.
(1966b) and Carpenter employed the method over two successive
conjunctions to obtain a period of 24k days, to 